1. Introduction {#s0005}
===============

The use of nanomaterials in consumer products, electronics, sporting goods and medicine has grown enormously in the past years ([@b0170; @b0355]). In parallel, the potential exposure of humans to nanoparticles has increased. However, aside from many positive properties of nanomaterials, which make them desirable for many applications, they represent an unknown risk factor for human health, which needs to be investigated in more detail. Because of the small 1--100 nm size, which causes a huge increase of total surface area, the physicochemical properties of nanoparticles may considerably differ from bulk materials and may pose a threat to human cells. However it is still important to investigate possible harmful effects and potential risks of these materials on biochemical processes especially those mediated by the immune system.

Titanium dioxide (TiO~2~) crystallizes in three major different structures: anatase, rutile and brookite. However, only rutile and anatase play any role in the applications of TiO~2~ ([@b0065]). Anatase is more chemically reactive than rutile, and it has been suggested that anatase has a greater toxic potential than rutile ([@b0380; @b0300; @b0400; @b0265]). TiO~2~ normally presents as a mixture of anatase and rutile crystal forms. The principal parameters of the particles affecting their physicochemical properties are shape, size, surface characteristics and inner structures. TiO~2~ fine particles are poorly soluble and have only little toxic features. However, smaller sized nanoparticles may exert different physicochemical properties with increased bioactivity compared to fine particles. Based on this fact, toxicity can rise and exhibit harmful effects on human health, associated with the decreased size of particles ([@b0325; @b0010; @b0370; @b0140; @b0145]).

TiO~2,~ the most widely used nanoparticle, is a white pigment and has a very high refractive index. Four million tons TiO~2~ account for 70% of total production volume of pigments worldwide ([@b0260; @b0015]). TiO~2~ nanoparticles are a promising material for many applications and are used in a multitude of consumer products ([@b0360; @b0415; @b0005; @b0325]). Because of its low production costs, the photostability in solution, general non-toxicity, anticorrosive properties, high stability and redox selectivity, this metal oxide continues to gain further interest for novel applications and industrial use ([@b0105; @b0275]). Actually TiO~2~ is used in sunscreens for UV protection, as a white dye in food and toothpaste or in dental and surgical implants ([@b0200; @b0100; @b0255; @b0195; @b0030; @b0290; @b0045]). At the interface to the biological medium, TiO~2~ corrosion and biodegradation may occur, causing the release of ions to the microenvironment and the possible harmful effects have to be investigated ([@b0255]).

There are several studies, which analyzed the different adsorption and uptake routes in the human body. Most of the literature focuses on the respiratory system, which is the primary uptake route of nanoparticles ([@b0325; @b0190; @b0235]). After the initial absorption of TiO~2~, the particles can be distributed to all organs and tissues in the body. However, the translocation of nanoparticles within the body is not well approved. An explanation can be the interaction with plasma-proteins or coagulation factors, platelets and red or white blood cells ([@b0060]). The gastrointestinal absorption may be also an important route since nanoparticles are present in drug carriers, food products and beverages ([@b0115; @b0200]). Senzui et al. analyzed skin penetration on intact and injured skin studies and concluded that TiO~2~ did not penetrate the human skin ([@b0320]). There are few *in vivo* studies which investigate the genotoxicity of TiO~2~, however, one group found a correlation between nanoparticles and inflammation, which is caused by interleukin-(IL)-1β ([@b0405]). Ciu et al. identified that TiO~2~ can generate liver injury via activation of toll like receptors (TLR), nuclear factor kappa B (NF-κB) and inflammation outbreak in mice ([@b0050]). Another animal study found an altered mRNA expression of inflammatory cytokines like IL-6, IL-1β, tumor necrosis factor-(TNF)-α or transcription factor NF-κB ([@b0215]).

In human epidermal cells TiO~2~ nanoparticles were found to exert genotoxicity via the induction of reactive oxygen species (ROS) ([@b0335]). Similarly neurotoxicological effects caused by exposure to TiO~2~ nanomaterials were detected in mice ([@b0135]) and in human neuronal cells ([@b0360]). Obviously these compounds are able to gain entry into the body and could exert potential toxic effects at several levels. The US Food and Drug Administration (FDA) established a regulation for TiO~2~ nanoparticles as a color additive for food ([@b0075]). However, thus far effects of nanomaterials to the human immune system were still only rarely described.

During immune activation different types of immune responses can be distinguished by distinct types of T-helper (Th) cells like Th1- and Th2-cells ([@b0155; @b0285]). Th1-type cells are characterized by IL-2 and IFN-γ secretion and are primarily observed in the course of viral and microbial infections, malignant tumor diseases and allograft rejections after transplantation. Th2-type cells are predominantly responsible for allergic diseases and asthma ([@b0280]). There exist also other subsets like Th-17, which link innate and adaptive immune responses ([@b0410]), or regulatory T cells (T~regs~), which play a role in the development of immunological self-tolerance ([@b0130]).

In the course of a cellular immune response the pro-inflammatory cytokine IFN-γ is released preferentially from T-helper cells type 1. Aside from its immunoregulatory relevance, IFN-γ represents an important trigger for ROS production in human macrophages as part of its cytocidal and antimicrobial repertoire ([@b0240]). In parallel, IFN-γ induces the expression of the enzymes GTP-cyclohydrolase I (GCH-I) giving raise to the formation of neopterin and of indoleamine 2,3-dioxygenase (IDO). IDO catalyses the initial step in the breakdown of the essential amino acid tryptophan via the kynurenine pathway. A high IDO activity, which is estimated by the kynurenine to tryptophan ratio (Kyn/Trp), results from a strong cellular immune activation ([@b0090]). Further, the estimation of neopterin production and tryptophan breakdown have been shown earlier to be robust read outs to monitor and investigate Th1-type immune response *in vitro* ([@b0150]).

For testing the effects of chemicals and compounds on the cellular immune response, an *in vitro* assay based on freshly isolated human peripheral blood mononuclear cells (PBMC) turned out to be useful ([@b0390; @b0220; @b0150]). In this study applying the PBMC assay, we examined the influence of two different preparations of TiO~2~ nanoparticles and of commercial bulk material. Two types of TiO~2~ nanoparticles (anatase + rutile) were tested in order to compare effects regarding their different crystalline phase. In culture supernatants the production of neopterin and IFN-γ as well as the breakdown of tryptophan were examined.

2. Materials and methods {#s0010}
========================

2.1. Chemicals {#s0015}
--------------

TiO~2~ bulk material was purchased from Sigma--Aldrich (Paris, France) and P25 nanomaterial was from Degussa-Evonik (Germany). OCTi60 are laboratory samples from the Service des Photons (Saclay, Gif-sur Yvette, France). Phytohemagglutinin (PHA) was purchased from Sigma--Aldrich (Vienna, Austria) and dissolved in phosphate buffered saline (PBS) and stored at −20 °C until use.

2.2. PBMC isolation and culture {#s0020}
-------------------------------

PBMC were isolated from whole blood obtained from healthy donors, which confirmed that their donated blood might be used for scientific purposes in case, when it was not selected for transfusion. Separation of blood cells was performed by density centrifugation (Lymphoprep, Nycomed Pharma AS, Oslo, Norway) as described in more detail earlier ([@b0150]). After isolation, PBMC were washed three times in phosphate buffered saline containing 1 μmol/L ethylenediamine diacetate (EDTA). Cells were cultivated in RPMI 1640 supplemented with 10% heat-inactivated foetal calf serum (Biochrom, Berlin, Germany), 2 mmol/L [l]{.smallcaps}-glutamine (Serva, Heidelberg, Germany) and 50 μg/ml gentamicin (Bio-Whittaker, Walkersville, MD) at 37 °C in a humidified atmosphere containing 5% CO~2~.

2.3. Preparation of nanoparticles {#s0025}
---------------------------------

In this study, we used TiO~2~ nanopowders from commercial source (P25, Degussa-Evonik, Germany) as well as a laboratory sample (OCTi60, France). These samples are synthesized by gas phase methods, combustion (P25) or laser pyrolysis (OCTi60) ([@b0270]) and are composed of a major phase of anatase and a minor phase of rutile.

The preparation of suspensions was done using a several steps method detailed elsewhere ([@b0040]). A stock solution was prepared using a one hundred mg of TiO~2~ material manually mixed with 10 ml of sterile filtered water. The suspension was sonicated by a high intensity sonicator for a total time of 1 h at 5 °C (Sonicator Model 750 series autotune watts ref 75043; pulsed 0.1 s on, 0.1 s off). 1.25 ml of resulting suspension was diluted in 3.75 ml foetal calf serum (FCS, =2 mg/ml) and mixed for 1.5--2 h using a magnetic bar. Average hydrodynamic size, size distribution and zeta potential of particles in suspension were determined by Photon Correlation Spectroscopy (PCS) using a Zetasizer (Nano-3000 HS, Malvern Instruments Ltd., Malvern, UK). One ml of the intermediate preparation was diluted in 9 ml of culture medium RPMI 1640 containing 10% FCS and mixed for 1.5--2 h using a magnetic bar. In addition to PCS measurements, the stability of suspensions was explored by turbidimetry using a Turbiscan (Formulaction).

2.4. PBMC assay {#s0030}
---------------

Isolated PBMC in supplemented RPMI 1640 medium were seeded in 48 well plates at a density of 1.5 × 10^6^ cells/ml. PBMC were exposed to increasing doses of P25 (85% anatase; Degussa-Evonik, Germany) and OCTi60 (90% anatase; Laboratory samples, Paris, France) TiO~2~ nanoparticles and commercially obtained TiO~2~ bulk material (Sigma--Aldrich) for 30 min. Afterwards PBMC where either stimulated with 10 μg/ml PHA or left untreated. After 48 h incubation time with nanoparticles, cell culture supernatants were collected and submitted to analytical measurements as described ([@b0150]). PBMC were prepared freshly from blood of in total six different healthy donors and each of the six single experiments was run in duplicates.

Cell viability was assessed by cell titer blue (CTB) assay (Promega, Madison, WI). PBMC showed no change in viability after nanoparticle exposure. These results are in accordance with earlier observations made by others using the same nanomaterials ([@b0360]).

2.5. Determination of tryptophan, kynurenine, neopterin and interferon-γ concentrations {#s0035}
---------------------------------------------------------------------------------------

A reverse phase high performance liquid chromatography (HPLC) method was applied to measure concentrations of tryptophan and kynurenine (Pro-Star Varian, Palo Alto, CA) with 3-nitro-[l]{.smallcaps}-tyrosine as internal standard ([@b0385; @b0185]). 100 μl of supernatant, 100 μl of internal standard, 500 μmol/L 3-nitro-[l]{.smallcaps}-tyrosine and 25 μl of 2 mol/L trichloroacetic acid were vortexed and centrifuged to precipitate proteins. The external standard consisted of an albumin-based mixture of 50 μmol/L tryptophan and 10 μmol/L kynurenine and underwent the same procedures as supernatant specimens. The elution buffer contained 15 mmol/L acetic acid-sodium acetate (pH = 4.0) with 50 ml/L methanol. Kynurenine and 3-nitro-[l]{.smallcaps}-tyrosine concentrations were determined by means of their UV absorption at 360 nm wavelength (SPD-6A, Shimadzu, Korneuburg, Austria). Tryptophan was monitored by its fluorescence at 286 nm excitation and 366 nm emission wavelengths (ProStar 360, Varian, Palo Alto, CA). Kyn/Trp was calculated as an index of tryptophan breakdown and expressed as μmol/mmol that estimates IDO activity in PBMC ([@b0385]).

All chemicals used for HPLC measurements were obtained from Sigma--Aldrich and were of the highest available purity grade. The sensitivity of the measurements is 0.5 μmol/L kynurenine and 0.1 μmol/L tryptophan.

2.6. ELISAs for measurement of neopterin and IFN-γ concentrations {#s0040}
-----------------------------------------------------------------

Neopterin and IFN-γ concentrations were determined by ELISA (BRAHMS, Hennigsdorf, Germany, and R&D International, Biomedica, Vienna, Austria) following the manufacturers' instructions. Sensitivity of the neopterin test was 2 nmol/L, and 8 pg/ml for IFN-γ. The culture supernatants of PHA-stimulated PBMC were diluted 1:10 before the IFN-γ ELISA.

2.7. Statistics {#s0045}
---------------

Results are expressed as percent of unstimulated and PHA-stimulated control and are shown as means ± standard error of the mean (S.E.M.). For statistical evaluation of the data, PASW Statistics 18.0 and SPSS version 19 software were-used. Because some of the data sets did not show normal distribution, group comparisons were performed using non parametric Friedman- and Mann--Whitney *U*-test. To calculate the strength and the direction of associations, Spearman Rank Oder Correlation was performed. *P*-values \<0.05 were considered to indicate significances.

3. Results {#s0050}
==========

3.1. Characterization of nanoparticles {#s0055}
--------------------------------------

The samples differ mainly by their average diameter as shown in [Table 1](#t0005){ref-type="table"}. The hydrodynamic measurements in water suspension show a smaller average diameter of the laboratory sample compared to P25 TiO~2~. The *z*-average values in the range of 100 nm indicate the presence of a limited amount of agglomerates in the suspension. The hydrodynamic increased in both cases after transfer to the biologic medium with a decrease of the zeta potential. It is −9 mV just after transfer to the medium and still decreases to −12 mV after 48 h. On this time period, no significant change is seen in the signal of the turbidimeter which indicates good stability of both suspensions.

3.2. Concentrations at baseline {#s0060}
-------------------------------

Baseline concentrations of neopterin were 2.47 + 0.13 nmol/L, tryptophan and kynurenine concentrations were 28.3 + 1.18 and 0.84 + 0.05 μmol/L resulting in 30.2 + 3.07 μmol/mmol Kyn/Trp (all mean + S.E.M.). Upon stimulation of PBMC with PHA, neopterin formation and tryptophan breakdown increased significantly (neopterin: 7.06 + 0.96 nmol/L, Kyn/Trp: 2494 + 475 μmol/mmol, all *p* \< 0.01).

3.3. Influence of TiO~2~ materials on neopterin production and tryptophan breakdown {#s0065}
-----------------------------------------------------------------------------------

In unstimulated cells, OCTi60 nanomaterial dose-dependently enhanced neopterin formation, bulk material had a similar but slightly smaller effect ([Fig. 1](#f0005){ref-type="fig"}). In PHA-stimulated cells similar results were obtained: bulk material and OCTi60 increased the neopterin production ([Fig. 2](#f0010){ref-type="fig"}, all *p* \< 0.05). The OCTi60 TiO~2~ nanoparticles had a stronger effect compared to the bulk material. There was only a small but still significant effect on neopterin production of the P25 TiO~2~ nanoparticles.

There was no significant influence of TiO~2~ preparations on tryptophan breakdown, e.g. Kyn/Trp, tryptophan and kynurenine concentrations remained unchanged in unstimulated cells ([Fig. 1](#f0005){ref-type="fig"}). However in stimulated cells all TiO~2~ preparations exerted a biphasic effect: at low concentrations (9.4 and 18.8 μg/ml) OCTi60 and bulk material stimulated the tryptophan breakdown significantly (data not shown). The increases of kynurenine and Kyn/Trp, which were observed with low concentrations of nanomaterials, were only rarely significant, but when PBMC were pre-exposed to the highest applied dose of 150 μg/ml TiO~2~ OCTi60 nanoparticles and bulk material, Kyn/Trp was significantly suppressed ([Fig. 2](#f0010){ref-type="fig"}). There was no significant effect with P25 TiO~2~ nanoparticles.

Accordingly, there existed inverse associations between neopterin and Kyn/Trp concentrations in cells exposed to OCTi60 (*p* \< 0.05) and bulk TiO~2~ material (*p* \< 0.01) in PHA-stimulated PBMC. This correlation was positive but not significant for the P25 TiO~2~ nanomaterial (*p* \> 0.05).

3.4. Influence on IFN-γ production {#s0070}
----------------------------------

PBMC stimulated with PHA released higher levels of IFN-γ, compared to unstimulated cells. Treatment with TiO~2~ nanoparticles resulted in a lower IFN-γ production compared to untreated cells (details not shown). However at low treatment concentrations with bulk material, P25 or OCTi60 TiO~2~ nanomaterials (9.4 and 18.8 μg/ml) a trend to higher IFN-γ secretion compared to PHA stimulation only was observed, although without statistical significance due to high interassay variability and low sample number.

There existed a positive correlation between IFN-γ and Kyn/Trp concentrations. *Vice versa* an inverse association between IFN-γ and neopterin was apparent for bulk material and p25 nanoparticles.

4. Discussion {#s0075}
=============

The whitening and photocatalytic effects of TiO~2~ nanoparticles are used in a wide range of consumer products ([@b0355]). Because of their small size, TiO~2~ nanoparticles are able to move in the respiratory system after inhalation to the alveolar region or can be absorbed after food intake in the gastrointestinal tract, where they can diffuse to other tissues like lymphoid tissues and can get in contact to cells of the immune system. Geiser and Kreyling reported that particles in the alveolar region are able to cross the air-blood-barrier and migrate from the blood to the liver, the lymphatic system to other organs and tissues or are eliminated out of the body ([@b0095; @b0325]). Also, particles are taken-up and accumulated in immune cells, which are located in epithelial tissues, e.g. in cells of Peyer's patches ([@b0020]). In addition, there are several *in vitro* studies that examined the toxicity of TiO~2~ in mammalian cells, for example oxidative DNA damage and apoptosis after exposure of TiO~2~ in human liver cells ([@b0330]) or induced single strand breaks, oxidative lesions to DNA and oxidative stress in A459 cells after exposure of TiO~2~ ([@b0165]). Kang et al. published the induction of apoptosis in human lymphocytes after exposure to TiO~2~ nanoparticles ([@b0180]).

Due to the fact that nanoparticles can reach the blood, and get in close contact with the cells of the immune system, it is of utmost importance to investigate the particle-cell interaction and the influence on the immune system in more detail.

Potential immunomodulatory effects of particles might be involved in the development of severe pathological conditions such as hypersensitivities, allergies, inflammatory respiratory and gastrointestinal diseases, but also in processes such as failure of dental or surgical implants ([@b0340]).

In our study with freshly isolated PBMC, an effect on the human immune system was observed. The investigated TiO~2~ materials had a dose-dependent effect on the induction of neopterin release ([Fig. 1](#f0005){ref-type="fig"}). In contrast, tryptophan breakdown was not significantly influenced by TiO~2~ particles at any concentrations. The concentrations used in our experiments are comparable to the concentrations, which are used in sunscreens ([@b0350; @b0025]) and to those from other studies for genotoxicity tests ([@b0265; @b0375; @b0175; @b0180]).

Results of our study showed that OCTi60 TiO~2~ nanoparticles and bulk material stimulated dose-dependently the formation of neopterin in PBMC, whereas P25 TiO~2~ nanoparticles had no significant effect on the neopterin formation. Donaldson et al. already have mentioned that ultrafine particles (\<20 nm) like TiO~2~ had a deleterious effect on phagocytosis of macrophages, compared with larger particles (ca. 200 nm) ([@b0070]). Like in our study, smaller ultrafine particles had a greater effect on PBMC. Basically a relationship seems to exist between the surface area of nanoparticles and the enhanced ROS generating capability and pro-inflammatory effects. Interestingly also the bulk material elicited a similar effect on the PBMC as the OCTi60 nanoparticles, but revealed different results as compared with the P25 nanomaterial. It is unclear whether different crystal structures of the nanomaterials were important for the different effects, or the differences in the specific surface area or hydrodynamic diameter or zeta potential were critical. For example the stimulation effect of OCTi60 *vs.* P25 material was associated with a much larger specific surface area of OCTi60 nanoparticles. Still it has to be kept in mind that also TiO~2~ bulk material had a stimulation effect albeit somewhat weaker than TiO~2~ OCTi60 nanoparticles. Still the stimulation effect of TiO~2~ nanomaterial can be of greater pathophysiological relevance, because of the easier penetration through cellular membranes and barriers as compared with larger TiO~2~ agglomerates ([@b0325; @b0250]).

Culture medium may promote agglomeration of nanomaterials and in addition an increase in the hydrodynamic sizes was observed in an earlier study using the same TiO~2~ nanomaterial ([@b0360]). However, in that study the graphs obtained for the TiO~2~ nanoparticles still indicated a good dispersion and are in line with the unchanged zeta potential in complete medium, which was found for the same nanoparticles in other previous studies ([@b0395; @b0335]). Moreover, for the testing of compounds using PBMC *in vitro*, the first 30 min. of exposure seem to be most important, because effects on cytokine cascades can be detected within short periods of exposure ([@b0150]).

ROS generation and oxidative stress may partially explain toxic effects of nanomaterials ([@b0245; @b0395; @b0335; @b0160; @b0365]). Nanoparticles are considered to generate free radicals and to induce oxidative stress ([@b0345]). Particularly, TiO~2~ nanoparticles were reported to induce oxidative stress in many cell types ([@b0395]), among them human bronchial epithelial cells ([@b0110]) and hepatocytes ([@b0265]), but also mouse microglia ([@b0210; @b0205]) and human liver cells ([@b0330]). While in earlier studies the genotoxic effects induced by nanoparticles were quite similar, TiO~2~ OCTi60 nanoparticles appeared to be more effective in inducing cell cycle alterations, which corresponded to their higher cellular uptake ([@b0360]).

In human body fluids, higher concentrations of neopterin indicate cellular immune activation, which are detected in diseases like infections and cancer but also parallel the course of atherogenesis and neurodegeneration ([@b0305; @b0310; @b0085; @b0080; @b0055]). Moreover higher levels predict adverse outcome in patients suffering from such diseases ([@b0035]). A recently performed pilot study performed in zinc-exposed galvanization workers an influence on neopterin levels and tryptophan breakdown has been described recently ([@b0295]).

The increase of neopterin production upon treatment of PBMC with TiO~2~ implies that the compounds induce pro-inflammatory immunoregulatory pathways in T-cells and macrophages. As a consequence, they can elicit the production of ROS and contribute to the development of oxidative stress with all its eventual negative consequences ([@b0125]). However, a stimulatory effect was only seen on the neopterin production rate whereas the rates of tryptophan breakdown and IFN-γ production rather declined with increasing exposure to TiO~2~ materials. Data suggests that there is no direct effect of materials on the T-cells, which would stimulate IFN-γ and neopterin production as well as parallel tryptophan breakdown in monocytes/macrophages. Rather TiO~2~ materials target macrophages directly. Basically, there seems to exist a relationship between the surface area of nanoparticles and the enhanced ROS generating capability and pro-inflammatory effects. However, Kyn/Trp data suggests a strong relation of the effects with local particle concentration. Of note, also low particle concentrations are able to elicit strong biological responses, and low dose responses may differ from high dose responses, as it was shown for Kyn/Trp that indicates IDO activity.

Mano et al. reported the involvement of toll like receptor 4 (TLR4) signaling in the inflammatory response elicited by TiO~2~ nanoparticles in human pulmonary epithelial cell lines ([@b0225]). Accordingly, compounds may promote ROS production and thereby activate translocation of the signal transduction element nuclear factor-κB (NF-*k*B), which is associated with the induction of pro-inflammatory pathways that are also accompanied by neopterin formation ([@b0125; @b0315]). In agreement, free radical production was already demonstrated to be elicited by TiO~2~ nanoparticles in aqueous suspension ([@b0120]). It could be possible that PBMC are activated through ROS, but further investigations are still required to confirm this assumption.

The respiratory system, blood, central nervous system (CNS), gastrointestinal (GI) tract and skin have been shown to be targeted by nanoparticles ([@b0230]). TiO~2~ nanomaterial was found to affect the ion balance and cause calcification in brain mouse models. The dystrophic calcification was a result of inflammation or damage to the site, and the imbalance of ion levels could be caused by TiO~2~ accumulation in several structures of the brain ([@b0135]). It appears plausible that monocyte-derived macrophages activate inflammation processes in face of accumulating TiO~2~ nanoparticles or a disturbance of the ion balance -- but further investigations are needed to resolve this relationship.

The inhibitory influence of TiO~2~ materials on IDO activity suggests that the net effect of the tested particles would be even stronger pro-inflammatory, when in parallel to the pro-oxidative insult on macrophages mediated by, e.g., neopterin, the immunosuppressive activity of IDO is absent. With this background, exposure to TiO~2~ bulk and nanomaterials potentially elicits immune responses and this may contribute to the development and progression of certain immunopathologies. However, our data can be considered only as a pilot study, and such an effect has to be confirmed in a living organism before such a conclusion can be taken. Clearly, further experiments are needed to explore effects of materials on monocytes-macrophages.

Earlier investigations using this PBMC *in vitro* system implied that antioxidant compounds down-regulate Th1-type immune response ([@b0150]). However, it has to be shown if the ability of TiO~2~ materials, promote Th1-type immune response, is due to a pro-oxidant property of compounds. The influence of TiO~2~ on neopterin production and tryptophan breakdown was quite different, while the pro-oxidative nature of TiO~2~ seems to be of greater importance for enhanced neopterin production. The consequences of the combined effects of particles to promote neopterin production and at the same time suppress IDO activity and its effect on the success of immune response still has to be elucidated in more detail.
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###### 

Main characteristics of TiO~2~ nanoparticles P25 and OCTi60.

           Anatase/rutile   Diameter (nm) (TEM)   Diameter (nm) (BET)   Diameter in water *Z* average   *Z*-potential in water (mV)   Diameter in medium *Z* average   *Z*-potential in medium (mV)
  -------- ---------------- --------------------- --------------------- ------------------------------- ----------------------------- -------------------------------- ------------------------------
  P25      85/15            23                    25 (60 m^2^/g)        140                             +1                            220                              −8 to −12
  OCTi60   90/10            10                    16 (95 m^2^/g)        70                              −6                            170                              −9 to −12

[^1]: Shared first authorship.
